The solid oxide fuel cell ͑SOFC͒ is a device that converts the chemical energy directly into heat and electricity. The SOFC is traditionally constructed from a strontium-substituted lanthanum manganite/yttria-stabilized zirconia ͑LSM/YSZ͒ composite cathode, a YSZ electrolyte, and a Ni/YSZ composite anode. To lower the operation temperature of the SOFC, new electrode materials are needed, especially on the cathode side. The cathodes that perform better than the traditional LSM/YSZ cathodes are Fe-Co-based perovskites. 1 However, these types of cathodes react with the zirconia-based electrolyte. 2 To use Fe-Co-based perovskite cathodes, a barrier layer between the cathode and the electrolyte is therefore needed to prevent a reaction. Several attempts to use a ceriumgadolinium oxide ͑CGO͒-based barrier layer have been done. [3] [4] [5] [6] [7] It has been shown that a CGO barrier layer prevents the formation of a reaction layer between a Fe-Co-based cathode and a zirconiabased electrolyte.
In this study, the effect of a spin-coated CGO barrier layer between the YSZ electrolyte and an LSM/YSZ cathode was studied using electrochemical impedance spectroscopy ͑EIS͒ to investigate the effect of the CGO barrier layer as such. This was possible compared to LSM/YSZ electrodes put directly onto YSZ as strontiumsubstituted lanthanum manganite ͑LSM͒ does not react with YSZ. It is not possible to study the effect of the CGO barrier as such using cobalt-based perovskites as they react with YSZ and, therefore, cannot be put directly onto YSZ.
Experimental
The LSM25 ͓͑La 0.75 Sr 0.25 ͒ 0.95 MnO 3+␦ ͔ powder was used as received from Haldor Topsøe A/S. The LSM25 powder was synthesized using drip pyrolysis. The phase purity of the LSM25 powder was confirmed by powder X-ray diffraction. For the synthesis of the LSM25 powder, the following metal nitrates were used: La͑NO 3 ͒ 3 ·6H 2 O ͑Alfa Aesar, 99.9%͒, Sr͑NO 3 ͒ 2 ͑Alfa Aesar, 99%͒, and Mn͑NO 3 ͒ 2 ·4H 2 O ͑Alfa Aesar, 98%͒. Aqueous solutions of the metal nitrates were made, and the concentrations of these solutions were determined using gravimetry. The YSZ electrolyte powder was also used as received from the supplier ͑Tosoh͒. Cathode slurries were prepared by mixing LSM25 and YSZ, in a 50 wt % ratio, with a dispersant and a binder and by ballmilling for 24 h. The dispersant was polyvinylpyrrolidone ͑PVP, Sigma Aldrich͒. The binder was a mixture of Mowital B60H, PVP, dibutylphthalat ͑Merck͒, and poly͑ethylene glycol͒ ͑Merck͒. A 3% ͑w/w͒ dispersant and a 2% ͑w/w͒ binder were added to the slurries. The mean particle size of the slurry was 0.9 m. Precursor solutions for CGO were prepared by dissolving Ce͑NO 3 ͒ 3 ͑Alfa Aesar, 99.5%͒, Gd͑NO 3 ͒ 3 ͑Alfa Aesar, 99.9%͒, nitric acid, and ethylene glycol in water and by heating the mixture at 80°C. The heating was stopped when the room temperature viscosity of the solution reached 50 mPa s. The room temperature viscosity was determined using a Haake Rheostress 600 rheometer. Spin coating by the CGO precursor solution was performed using a WS-400A-8NPP/lite spin coater from Laurell Technologies. After spin coating, the samples were heat-treated at 550°C for 2 h. To ensure the complete coverage of the tape surfaces, spin coating and heat-treatment were repeated four times. Both surfaces of the tapes were coated. The resulting film had a thickness of 150 nm. Details of the CGO thin-film fabrication can be found in a previous publication. 8 Symmetric cells comprised of porous LSM/YSZ/dense YSZ/porous LSM/YSZ were prepared by spraying, with a spraying robot, on both sides of dense-sintered electrolyte tapes. The following were used as electrolyte tapes: ͑i͒ YSZ tapes and ͑ii͒ CGO thinfilm-coated YSZ tapes. The symmetrical cells with and without a CGO barrier layer were sprayed in one go to make the fabrication of the symmetrical cells as uniform as possible. The symmetrical cells were sintered at 1050°C/2 h. At this sintering temperature, CGO does not react with YSZ. 9 The YSZ tapes were fabricated using a tape casting followed by sintering at 1450°C/8 h. Tosoh YSZ powder was used for the fabrication of the YSZ tapes. Micrographs of the symmetrical cells were recorded on a Zeiss 1540XB fieldemission gun-scanning electron microscope equipped with a Gemini column in-lens detector and an energy dispersive spectroscopy ͑EDS͒ spectrometer for an element analysis. The EIS was performed using a Solartron 1260 impedance analyzer. The samples were mounted in a setup with platinum meshes kept in contact with the cells with a spring load. Before mounting the samples, Pt-paste ͑En-gelhard͒ was added on top of the cells and sintered in situ at 800°C. The setup used for the measurements has been described elsewhere. 10 The EIS was recorded on the samples as follows. The frequency window spanned was 1 MHz to 0.05 or 0.01 Hz depending on the temperature. The lowest frequencies were only recorded at the lowest measured temperatures. Five points were measured at each decade. An amplitude of 24 mV was used throughout. The measurements were done at temperatures of 800, 700, and 600°C in the above order. The measurements were done in either 100% O 2 , 10% O 2 in He, or 1% O 2 in He. All measurements were done on four symmetrical cells. The fitting of the data was done using the PC-DOS program "equivcrt" by Boukamp. 11 The fittings were done
where R is a resistance and Q is a constant phase element with the admittance
where Y 0 and n are found from the fitting. is the cyclic frequency. a
In the fitting, the n values were at first allowed to vary freely. After fitting, all the data and the averages of the n values were found. The data were then fitted again using the averages of the n values. From the results of the fitting, the near-equivalent capacitance C and the summit frequency F max were calculated using the equations
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Results Figure 1 shows a micrograph of the LSM/YSZ electrode on a YSZ tape with a CGO barrier layer. The presence of the Ce/Gdcontaining thin film was confirmed by the EDS point analysis. The CGO barrier layer is seen to be homogenous with an estimated thickness of approximately 150 nm. This is most clearly seen in the inset. Figure 2 gives an example of an impedance spectrum of a symmetrical cell, together with the results of the fitting. The data presented in Fig. 2 were recorded on a symmetrical cell without a CGO barrier layer in 100% oxygen at 600°C. It is seen that the spectrum consists of three arcs. In general, the results from the EIS measurements could be fitted with an equivalent circuit with three ͑R Q ͒ elements in series, together with a series resistance R s . The results of the fitting, in terms of R values of the individual arcs, are given in Tables I-VI together with F max and C . The variation in the data is based on measurements and fittings on four symmetrical cells. It is seen that all the arcs are P O 2 dependent. The P O 2 dependence is largest for the medium and low frequency arcs ͑see also Fig. 3͒ . The magnitude of the individual arcs is larger for the cells with the CGO barrier layer than for the cells without the CGO barrier layer; this is illustrated in Fig. 4 . The medium frequency arc is observed to be the arc that depends the less on the presence or absence of a CGO barrier layer. In contrast to this, the high and low frequency arcs are seen to depend strongly on the presence or absence of a CGO barrier layer. The n values are 0.45 for the high frequency arc, 0.67 for the medium frequency arc, and 1 for the low frequency arc. The temperature dependence is illustrated in Fig. 5 . The area specific resistance ͑ASR͒ is seen to increase with decreasing temperature.
The near-equivalent capacities for all three arcs are smallest for the cells with a CGO barrier layer. The summit frequencies of the three arcs all depend on the presence or absence of a CGO barrier layer. The summit frequencies for the high frequency arc are largest a The results from EIS measurements on composite electrodes are known to be complex and consist of several more or less overlapping arcs ͑see 10͒. In our case, fitting with three R Q 's in a series with a resistance gave the best results, although we are aware that other models have been suggested. for the cells with a CGO barrier layer. The summit frequencies for the medium frequency arc are almost unaffected by the presence or absence of a CGO barrier layer. The summit frequencies for the low frequency arc are largest for the cells without a CGO barrier layer, even though the effect is rather small. The Arrhenius plots for the total ASR without or with a CGO barrier layer are given in Fig. 6 and 7 . The total ASR increases with decreasing P O 2 .
The activation energies for the individual arcs are given in Table  VII . The activation energies depend on both the P O 2 and the presence or absence of a CGO barrier layer. The activation energies are largest for the cells with a CGO barrier layer. The activation energies are seen to increase with increasing P O 2 .
The series resistance also depends on the presence or absence of a CGO barrier layer. In a pure YSZ electrolyte, the series resistance is around 1.8 ⍀ cm 2 at 600°C, whereas it is around 5.7 ⍀ cm 2 at 600°C when a CGO barrier layer is present.
Discussion
The performance of the electrodes, as reflected by the ASR values, is on the level with the best slurry-sprayed LSM/YSZ composite cathodes for the cells without a CGO barrier layer. [15] [16] [17] [18] [19] The cells with a CGO barrier layer have a much lower activity. The high frequency arc in the impedance plot is, according to literature, due to the transfer of oxygen intermediates/oxide ions between the LSM cathode and the YSZ electrolyte and through the YSZ of the composite. 10, 20, 21 This agrees well with the calculated equivalent capacitances, which are in the range expected for a double-layer capacitance. 22 The activation energy for the high frequency arc is slightly higher for the cells with a CGO barrier layer than for the cells without a CGO barrier layer. The magnitude of this arc is much larger for the cells with a CGO barrier layer than for the cells without a CGO barrier layer at all conditions used in this study. This indicates that the CGO barrier layer slows down the electrodeelectrolyte exchange reaction. The near-equivalent capacity is higher 
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High frequency Medium frequency Low frequency for the cells without a CGO barrier layer than with a ceria barrier layer. This indicates that there are more contact points between the LSM/YSZ cathode and the electrolyte when put directly onto YSZ than when put on a YSZ electrolyte with a CGO barrier layer. The P O 2 dependence of the high frequency arc is very weak, approximately 1/16. This is another indication that the high frequency arc involves oxide anions and not oxygen, as it is almost P O 2 independent. The activation energy of the medium frequency arc is also dependent on the type of the cell, indicating that this process is affected by the CGO barrier layer. This arc could be a diffusion of oxide anions through the bulk or the surface of the electrode. 10, 20, 21 If surface diffusion is the case, the medium frequency arc could depend on the presence of a CGO barrier layer if the process occurs close to the electrode-electrolyte interface. The P O 2 dependence of this arc is around 1/4. The low frequency arc is also dependent on the presence or absence of a CGO barrier layer. The magnitude of the low frequency arc is larger when the CGO layer is present than when it is absent. This arc could be due to a slow redox reaction at the surface of the electrode. 10, 20, 21 If this process occurs close to the triple-phase boundary, it should depend on the presence or absence of a CGO barrier layer. The P O 2 dependence of this arc is around 1/4, as predicted for a charge-transfer reaction of the type 23 O ads + 2e
The calculated near-equivalent capacitance of this arc is also in the range predicted for a chemical capacitance. 22 That all the arcs are dependent on the presence or absence of a CGO barrier layer indicates that most of the processes occur close to the electrodeelectrolyte interface. An arc from the CGO barrier itself is not observed as all the arcs are P O 2 dependent.
That the cells with a CGO barrier layer perform worse than the cells without a CGO barrier layer shows that the reactivity of LSM with YSZ is low, as expected. The worse performance of the cells with CGO could be due to less contact points between the LSM/ YSZ cathode and the CGO barrier layer compared to the amount of contact points between the LSM/YSZ cathodes and the YSZ elec- trolyte. An effect of the electrolyte pretreatment on the performance of SOFC electrodes has been found before. 24, 25 This shows that the barrier layer in itself also has an effect on the activity of the electrodes, and not only prevents a reaction between the electrode and the electrolyte.
The series resistance is also marked higher for the cells with a CGO barrier layer than for the cells without a CGO barrier layer. The resistance of a 150 nm thick CGO layer can be calculated from the specific conductivity of the CGO electrolyte, = 0.0167 S/cm at 600°C
26 from the equation
where L is the thickness of the barrier layer. At 600°C, this gives a contribution of 1 m⍀ cm 2 . This is much lower than the difference in the series resistance between the cells with and without the CGO barrier layer observed in this study. This shows that the increased series resistance is not due to the barrier layer in itself, but due either to the bad adhesion of the CGO barrier layer to the YSZ electrolyte or to the reaction between the CGO barrier layer and the YSZ electrolyte. If the increased series resistance is due to bad adhesion, the CGO barrier layer must be sintered at higher temperatures than used in this study to obtain a better contact between the CGO barrier layer and the YSZ electrolyte. However, too high sintering temperatures must be avoided as this leads to the formation of a reaction layer between ceria and zirconia. 27 Other ways to improve the contact between the CGO barrier layer and the YSZ electrolyte could be to change the precursor solution or to use other techniques than spin coating to apply the CGO barrier layer. 6 
Conclusion
The addition of a CGO barrier layer between the electrolyte and the cathode decreases the performance of the LSM/YSZ composite electrodes. This is probably due to an interface effect. The series resistance increases significantly when a CGO barrier layer is added between the YSZ electrolyte and the LSM/YSZ cathode. This could be due to the bad adhesion of the CGO barrier layer to the YSZ electrolyte.
